Introduction
============

Efficient and tightly controlled leukocyte transendothelial migration (TEM) is of key importance in physiological processes such as immune surveillance and acute inflammation. Uncontrolled and excessive TEM is characteristic for various disorders such as chronic inflammatory diseases (e.g., rheumatoid arthritis, atherosclerosis, asthma) and tumor cell metastasis.[@R1]^,^[@R2] In order to specifically interfere with excessive leukocyte or tumor cell TEM, a detailed understanding of endothelial signaling that regulates TEM is required.

It is believed that the TEM process occurs through different steps. Butcher and Springer proposed in timeless reviews the multi-step model for the process of TEM.[@R3]^,^[@R4] Currently, the basis of this model is still accurate and some additional steps have been included ([Fig. 1](#F1){ref-type="fig"}). Importantly, the active contribution of endothelial signaling in TEM has been recognized. The group of Alon described the need for the presence of immobilized chemokines on the surface of the endothelium.[@R5] Recently, they showed that the endothelium itself generates chemokines and presents those at the apical surface to promote TEM.[@R6] The same group also put forward the importance of shear flow during TEM.[@R7] Barreiro and colleagues, together with Carman and co-workers, showed the contribution of cup-like membrane structures created by the endothelium that surround adherent leukocytes in order to facilitate directional transmigration.[@R8]^-^[@R10] Nevertheless, the main steps of TEM, namely rolling, adhesion, and transmigration, as proposed by Butcher and Springer more than 20 years ago, still constitute the central processes that drive leukocyte extravasation ([Fig. 1](#F1){ref-type="fig"}).[@R3]^,^[@R4]

![**Figure 1.** The multistep process of leukocyte transendothelial migration, divided in five consecutive steps. Step 1 represents the rolling and tethering phase; step 2 shows the initial adhesion of the leukocytes to the endothelium. Step 3 is the firm adhesion and crawling part. In step 4, the cup-like structures are formed, resulting in step 5; actual transmigration, either para- or transcellular.](cam-8-67-g1){#F1}

In this review, we discuss the regulatory mechanisms that control the different steps of leukocyte extravasation ([Fig. 1](#F1){ref-type="fig"}) from an endothelial point of view, with specific focus on the role of the Rho-GTPases and their activators guanine-nucleotide exchange factors (GEFs).

Step 1: Capture and Rolling
===========================

Initially, transient leukocyte--endothelial cell interactions are mediated by the endothelial adhesion molecules E- and P-selectin with their leukocyte counterparts L-selectin and PSGL-1. These interactions comprise the so-called "rolling step;" slowing down the leukocytes on the endothelial cell surface ([Fig. 1](#F1){ref-type="fig"}, step 1). P-selectin, also known as CD62P, is present in Weibel-Palade bodies and can be quickly released and presented at the luminal side of the endothelium upon activation with histamine/thrombin or with pharmacological compounds such as Ca^2+^ ionophores or phorbol esters.[@R11]^-^[@R14] Maximal expression of P-selectin on the endothelial surface is seen after 10 min of activation, after which (30--60 min) the protein is being downregulated, either by internalization or shedding. CD63 was found to be an essential co-factor for P-selectin, since endothelial cells deficient for CD63 showed a loss of P-selectin-mediated adhesion function.[@R15]

E-selectin (CD62E) is not found in Weibel-Palade bodies,[@R16] but is rapidly upregulated by inflammatory stimuli, such as TNF-α and IL1β. As for P-selectin, the upregulation involves the small Rho-GTPases RhoA, RhoB, and Rac1.[@R17] Maximum expression for E-selectin is reached after approximately 3--4 h of stimulation. Interestingly, clustering of E- and also P-selectin, using crosslinking of antibodies, induced intracellular signals into the endothelium, including a remodeling of actin stress fibers.[@R18] The authors also reported that initial leukocyte adhesion to the endothelium induced an immediate increase in calcium concentrations in the endothelium, in line with the role of selectins, mediating initial interaction of the leukocytes with the endothelium. Additionally, clustering of E-selectin has been shown to redistribute E-selectin to caveolin-rich membrane domains and promote its interaction with and activation of phospholipase Cγ.[@R19] Moreover, E-selectin clustering also triggers the activation of Erk1/2 and expression of c-*fos*,[@R20]^,^[@R21] as well as changes in the endothelial cell morphology and F-actin distribution, in line with the work by Lorenzon and colleagues.[@R18] In fact, clustering of E-selectin induced by monocytes was dependent on upstream RhoA activation.[@R22] Additionally, E-selectin clustering induced a linkage to the actin cytoskeleton through its intracellular tail.[@R22]^-^[@R24] Yoshida and co-workers showed the presence of actin-associated proteins α-actinin, vinculin, filamin, FAK, and paxillin, but not talin, in E-selectin-clustering precipitation assays.[@R23] In addition, blocking actin polymerization reduced the adhesive capacity of E-selectin. This was measured by applying mechanical stress to the endothelial cells using anti-E-selectin antibody-coated ferromagnetic beads with a magnetical twisting cytometer. These data suggested that actin remodeling is instrumental for proper E-selectin function and strongly suggests a prominent role for small Rho-GTPases. And although Rho-GTPases have been implicated upstream from P- and E-selectin, so far no role for Rho-GTPase signaling downstream from either P- or E-selectin during step 1 of TEM has been reported.

In the next section, we will discuss the endothelial signaling during step 2 and 3 in more detail.

Step 2 and 3: Adhesion, Strengthening, Spreading, and Intravascular Crawling
============================================================================

Firm adhesion of leukocytes is initiated upon binding of activated integrins to their endothelial ligands Intercellular Adhesion Molecule 1 (ICAM-1) and Vascular Cell Adhesion Molecule (VCAM-1). To demonstrate the importance of ICAM-1 in firm adhesion and TEM, Chinese Hamster Ovary (CHO), or HeLa cells that expressed no or very little endogenous ICAM-1 were artificially transfected with ICAM-1. This was sufficient to recapitulate the entire process of neutrophil adhesion and migration across these cells[@R25] (van Buul JD, data not shown). The group of Silverstein showed that leukocyte adhesion to endothelial cells induced the release of intracellular calcium in endothelial cells although the upstream signals, i.e., selectin- or CAM-mediated, were unknown at that time.[@R26] Nevertheless, they were the first to show the importance of intracellular signaling in endothelial cells during the adhesion step of leukocyte TEM.

Clustering of the adhesion molecules ICAM-1 and VCAM-1 is crucial to induce endothelial signaling. This is both a passive and an active event. ICAM-1 and VCAM-1 reside in preformed membrane nanodomains (also termed endothelial adhesive platforms) that are controlled by several members of the tetraspanin family of integral membrane proteins.[@R27] Leukocyte binding to the endothelium through the engagement of integrins induces these nanodomains to coalesce into higher order clusters, leading to the activation of several signaling pathways in endothelial cells. It is now well recognized that this signaling, in turn, activates positive feedback loops, promoting additional clustering of Ig-CAMs like ICAM-1 and VCAM-1 into ring-like structures around adherent leukocytes, which subsequently amplifies signaling through a positive feedback loop.[@R9]^,^[@R28]^-^[@R31]

The carboxyl (C)-terminal intracellular domain of ICAM-1 is relatively small (28 amino acids) compared with its extracellular region (481 aa). Nevertheless, signaling by ICAM-1 was shown to be dependent on this small intracellular domain.[@R30]^,^[@R32]^-^[@R34] Also, VCAM-1 shows a relatively small C-terminal intracellular domain compared with its extracellular domain (19 vs. 699 aa, respectively). Since the C-terminal domains of these proteins do not contain any apparent signaling motifs, signaling is likely relayed via adaptor proteins. Several adaptor proteins have been reported to interact with the intracellular domains of ICAM-1 and VCAM-1, including α-actinin, cortactin, filamin, and members of the ERM protein family.[@R8]^,^[@R25]^,^[@R35]^-^[@R38] Besides acting as scaffolding proteins, these adapters are also able to bind actin, and can therefore anchor ICAM-1 and VCAM-1 physically to the actin cytoskeleton.[@R39]^-^[@R42]

Early studies showed that leukocyte adhesion and clustering of ICAM-1 promote an increase in intracellular Ca^2+^ levels.[@R26] Others followed up on this crucial finding and showed that the change in calcium concentration leads to activation of the tyrosine kinase Src by protein kinase C (PKC).[@R43] In turn, Src induces tyrosine phosphorylation of focal adhesion proteins, such as paxillin, cortactin, and FAK. The group of Luscinskas underscored the importance of endothelial Src-mediated phosphorylation of cortactin in leukocyte TEM. They showed that a non-phosphorylatable mutant of cortactin, expressed in endothelial cells, blocked leukocyte TEM.[@R44] In addition, ICAM-1 clustering leads to the activation of the small GTPase RhoA, which stimulates the formation of F-actin stress fibers.[@R45]^,^[@R46] Moreover, RhoA activity was also demonstrated to be required for efficient ICAM-1 recruitment around adherent monocytes, suggesting an upstream role for RhoA within the ICAM-1-induced signaling cascade.[@R22] Interestingly, others have shown that thrombin-induced RhoA activation, resulting in increased stress fibers, showed loss of cell--cell contacts and increased gap formation in endothelial cells.[@R47] However, high RhoA activity and increased stress fibers downstream from ICAM-1 clustering did not necessarily result in endothelial gap formation.[@R46]^,^[@R48] This indicates that the consequences of the intracellular signals that lead from RhoA activation to cell--cell junctions in endothelial cells specifically depend on the extracellular stimulus.

Although guanine--nucleotide exchange factors (GEFs) are likely candidates to activate RhoA downstream from ICAM-1 engagement, no direct RhoA--GEF interaction has been identified so far. Etienne and colleagues showed that the Rap1--GEF C3G binds to Cas upon antibody-induced clustering of ICAM-1.[@R45] They additionally indicated no role for the Ras- and Rac1-GEF SOS-1 downstream from ICAM-1 in their model system. Interestingly, RhoA can also be directly activated in a GEF-independent manner by reactive oxygen species (ROS).[@R49] Aghajanian and co-workers demonstrated that ROS can directly target two critical cysteine residues that are located in a unique redox-sensitive motif within the phosphoryl binding loop of RhoA, resulting in RhoA-GTP loading.[@R49]

Clustering of VCAM-1 was shown to promote activation of the GTPase Rac1, leading to the production of ROS.[@R50]^,^[@R51] VCAM-1-dependent ROS production was demonstrated to regulate the activation of matrix metalloproteases, which may contribute to the local breakdown of the endothelial adherens junctions.[@R52] In addition, VCAM-1 clustering was shown to regulate lymphocyte TEM by activation of the kinase PKCα and the tyrosine phosphatase PTP1B in a ROS-dependent manner.[@R53] More recently, it was shown by the group of Vestweber that VCAM-1-induced Rac1 activation and subsequent ROS production was also involved in the dissociation of the endothelial receptor phosphatase VE-PTP from the junctional adhesion molecule VE-cadherin, which is an obligatory event during leukocyte TEM.[@R54]

More recent advances in confocal microscopy have allowed detailed analysis of leukocyte--endothelium interactions in three dimensions. This revealed that upon clustering, both ICAM-1 and VCAM-1 were recruited to cup-like, F-actin-rich membrane protrusions that surround adherent leukocytes (step 4).[@R8]^-^[@R10] In the next section, we will discuss the signaling and function that underlies the formation of these structures.

Step 4: Cup-Like Structures
===========================

Barreiro and co-workers were the first to report on the induction of these F-actin rich "cups."[@R8] Using live-cell imaging, they showed that adhesion and spreading of lymphoblasts on the endothelial cell surface induced the recruitment of VCAM-1 and the ERM-family member moesin, whereas ICAM-1 and moesin recruitment were primarily observed during TEM. In addition, adhesion of K562 cells that were stably transfected with α4 integrin (4M7 cells) resulted in an actin-rich endothelial cup structure embracing the 4M7 cells, and contained ICAM-1, VCAM-1, moesin, ezrin, α-actinin, vinculin, and VASP. Phospho-inositides and the Rho-ROCK-pathway were involved in the generation and maintenance of these so-called docking structures.[@R8] Initially, Barreiro and colleagues proposed that the structures are essential during the docking or adhesion phase and may protect leukocytes from detachment by shear flow, hence the term "docking structures."[@R8]^,^[@R55] This was underscored by Samson et al., who demonstrated using in vivo studies that removal of one of the crucial players involved in docking structure formation reduced leukocyte adhesion.[@R56]

However, although docking structures are formed around adhering leukocytes, it is still under debate whether or not these structures function in strengthening the adhesion of the leukocyte to the endothelium. Several reports have shown that inhibition of ICAM-1 signaling, and thus, preventing docking structure formation in vitro, affects leukocyte TEM, but not adhesion.[@R30]^,^[@R32]^,^[@R33] In fact, Carman and colleagues revealed that the endothelium pro-actively generates microfilament, microtubule, and calcium-dependent ICAM-1-enriched cup-like structures within minutes of binding to LFA-1-bearing leukocytes.[@R9] Interestingly, disruption of endothelial projections by blocking actin polymerization (cytochalasin D) or microtubule polymerization (colchicine), or by chelating calcium (BAPTA) did not affect firm adhesion of leukocytes. Thus, from this work, these structures appear not to function in adhesion strengthening, but may in fact play a more direct role in the final diapedesis step.

To assess the role of Rho-GTPases in the formation of these endothelial actin-rich projections, Carman and colleagues treated the endothelial cells with Clostridium diffucile toxin-B to inhibit Rho, Rac1, and Cdc42.[@R9] Toxin-B treatment was associated with a 2-fold reduction in total projections and TEM. In contrast to the docking structures proposed by Barreiro and co-workers, blocking Rho by C3 transferase had no effect on either projections or TEM. These data suggest an active role for the Rho-GTPases Rac1 and Cdc42 in projection formation and provide correlative support for a functional role of projections in leukocyte diapedesis.

A year later, the Carman lab demonstrated a cup-like structure that is formed around transmigrating leukocytes in both the paracellular and transcellular migration pathway.[@R10] Disruption of these projections was highly correlated with inhibition of transmigration. Again, blocking Rho-kinase (by Y27632) or Rho (by C3) did not prevent cup formation downstream from ICAM-1 engagement. The structure contained high ICAM-1 and VCAM-1 and was enriched for vertical microvilli-like structures. Leukocyte integrins were redistributed into linear tracks oriented in parallel to the direction of diapedesis. Carman and co-workers proposed that docking structures may promote diapedesis by providing additional membrane surface to provide directional guidance to leukocytes for transmigration, and hence, proposed the term "transmigratory cups."[@R10]^,^[@R57]

Alternatively, the group of Kubes demonstrated in vivo that during neutrophil TEM, docking structures develop into dome-like structures, which completely encapsulate the neutrophil.[@R58]^,^[@R59] They additionally showed that when dome formation was inhibited by silencing the expression of the F-actin-binding protein Lsp1, vascular leakage during neutrophil diapedesis was increased.[@R58] They therefore proposed that endothelial domes may function to seal off the transmigrating leukocyte in order to minimize vascular leakage during extravasation. It is interesting to note that several molecular players in the formation of endothelial cup structures, such as Rac1, cortactin, and filamin, were also reported to be important for maintaining endothelial monolayer integrity.[@R38]^,^[@R60]^,^[@R61] It is therefore possible that activation or recruitment of these molecules during leukocyte TEM may have a dual purpose by promoting diapedesis, and at the same time maintaining endothelial barrier integrity, although proof for this hypothesis is currently lacking.

The formation of the endothelial cup-like structure shows several similarities with the formation of the so-called phagocytic cup. Also, the role of the Rho-GTPase RhoG in the phagocytosis of apoptotic cells[@R62] and its specific exchange factor SH3-containing GEF (SGEF) in macropinocytosis[@R63] show similar functions in both processes. This was the rationale to examine if RhoG and SGEF may contribute to the formation of endothelial cups and participate in TEM. Our group showed that ICAM-1 binds SGEF through its intracellular tail.[@R34] Subsequently, this results in Src-dependent activation of RhoG, leading to the formation of apical cup assembly. Specifically, SGEF binds to ICAM-1 via its SH3 domain and silencing of endothelial SGEF or RhoG decreased cup formation and inhibited leukocyte TEM, but did not affect leukocyte adhesion. Recently, Schnoor and co-workers showed that ICAM-1-induced activation of RhoG required cortactin.[@R38] Interestingly, the ICAM-1/SGEF interaction was independent of ICAM-1 clustering. However, using nucleotide-free GST mutants of RhoG to measure GEF activity,[@R64] we found that ICAM-1 clustering did activate SGEF (JDvB, data not shown). Using a SGEF-deficient mouse line, Samson and colleagues showed that SGEF deficiency resulted in reduced on-set of atherosclerosis, most likely by the inability of the vasculature to form proper cup-like structures and prevent leukocyte TEM.[@R56] These data suggest that the RhoG/SGEF signaling axis is one of the central mediators of cup-structure formation.

The work by Carman and colleagues suggested a role for the small GTPase Rac1 downstream from leukocyte adhesion. When measuring Rac1 activation downstream from ICAM-1 clustering, in parallel with RhoG activation, it became clear that Rac1 activity preceded RhoG activation.[@R30] This indicated that, next to SGEF, which activates RhoG, another GEF is activated downstream from ICAM-1 clustering. Our initial data showed that ICAM-1, when clustered, interacted with the actin-adaptor protein filamin.[@R35] Interestingly, the exchange factor Trio was shown to recruit filamin.[@R65] Also, deBakker and colleagues showed that Trio activates RhoG to allow phagocytosis of apoptotic cells.[@R62] Moreover, next to RhoG, this GEF was also able to activate Rac1 and RhoA,[@R66] two GTPases known to be involved in downstream ICAM-1 signaling.[@R30]^,^[@R45]^,^[@R46]^,^[@R67] Additional data from our laboratory showed that depletion of Rac1 or RhoG reduced TEM of primary neutrophils.[@R30] Rac1 depletion showed defects in actual ICAM-1 clustering, and RhoG depletion impaired the induction of cup structures.[@R30] These data implicate that Rac1 and RhoG have separate functions to induce endothelial cup structures upon leukocyte binding ([Fig. 2](#F2){ref-type="fig"}).

![**Figure 2.** The cup-like structure. Signaling routes that are initiated by clustering of ICAM-1 and result in the remodeling of the actin cytoskeleton and the formation of cup-like structures. Signaling includes the activation of the small GTPases Rac1and RhoG downstream from ICAM-1 clustering and involvement of at least two GEFs, Trio and SGEF. Additionally, Rac1 activation may result in a positive feedback loop, increasing the clustering of ICAM-1.](cam-8-67-g2){#F2}

Additionally, Trio binds to the intracellular tail of ICAM-1 via regions located in the N-terminal GEF domain.[@R30] Surprisingly, the binding of Trio to ICAM-1 is independent of filamin. However, reduced filamin expression in endothelial cells did prevent ICAM-1-induced Rac1 and RhoG activation.[@R30] Moreover, also ICAM-1-induced Trio activation, measured through its binding to the nucleotide-free GTPase mutants (Rac1-G15A/RhoG-G15A), was impaired in filamin-deficient cells. So, although filamin did not regulate the binding of Trio to ICAM-1, it did control downstream GTPase activity, probably through other signaling molecules such as Src-family kinases.[@R40]

One of the drawbacks of the above-described study is the use of artificial anti-ICAM-1 antibody-coated beads to cluster ICAM-1. It is therefore good to note that the kinetics of ICAM-1 clustering in these experiments may differ from ICAM-1 signaling during leukocyte diapedesis. In fact, from the time-point of firm adhesion, neutrophils take approximately 100 s to cross the endothelium.[@R68] Thus, the real-time temporal and also spatial activation of Rac1 and RhoG during neutrophil TEM remains an open question.

As mentioned above, the different steps in the formation of endothelial cup-like structures are reminiscent of the process of phagocytic cup formation by phagocytic cells.[@R69] Formation of a phagocytic cup is initiated by a local coalescence of F-actin in a ring-like structure, followed by membrane protrusion around the opsonized cell or particle.[@R70] Finally, actomyosin contractility forces ingestion and membrane fusion completes the process.[@R64]^,^[@R65] Although we never observed complete closure and fusion of membrane protrusions during docking structure formation in vitro, others have reported in vivo docking structures advancing into dome-like structures, completely covering the transmigrating leukocyte.[@R59] Interestingly, similar molecular players, including the GTPases RhoG, Rac1/2, Ccd42, RhoA and GEFs Trio, and SGEF were reported to regulate phagocytosis or related processes such as macropinocytosis, suggesting that cells use analogous signaling pathways.[@R62]^,^[@R63]^,^[@R71] Using FRET-based biosensors for Rac1, Rac2, and Cdc42, these GTPases were shown to have different spatial activation patterns within the phagocytic cup.[@R72] It is therefore tempting to speculate that also within a docking structure RhoG, Rac1, and RhoA are distinctly spatially activated, with RhoA activation at the base of the cup, followed by Rac1 at the base and leading edge of the cup, and RhoG within the membrane protrusions. Previous work to delineate the role of GTPase signaling in leukocyte TEM was primarily based on inhibitor studies, knockdown studies, or biochemical assays such as classical GTPase pull-down or pull-down assays using nucleotide-free GTPase mutants. To date, genetically encoded FRET-based biosensors of Rho-GTPases would be the best tool to delineate the fast and local kinetics of Rho-GTPase activation in endothelial cells during leukocyte TEM.[@R73] Overall, it is evident that endothelial signaling is essential to initiate the final step of the TEM process: transmigration.

Step 5: Transmigration
======================

To breech the endothelial barrier, leukocytes can take two different routes: (1) paracellular, i.e., through the endothelial cell--cell junctions or (2) transcellular, i.e., through the endothelial cell body ([Fig. 1](#F1){ref-type="fig"}, step 5).[@R57]^,^[@R74]^,^[@R75] However, what signal determines to finally transmigrate across the endothelium and by which pathway?

First, shear stress has been suggested to be an important initiator of diapedesis.[@R7] Although shear clearly plays an important role in TEM and triggers diapedesis, robust diapedesis is also observed in the absence of shear. For more information on the role of shear stress on TEM, the reader is referred to reviews, listed here.[@R28]^,^[@R76]^,^[@R77]

Second, central-to-peripheral expression gradients of adhesion molecules, such as PECAM-1, CD99, and JAMs, have been proposed to direct leukocytes to those sides to provide the required traction to drive diapedesis at these locations.[@R78]^-^[@R80] In addition, chemokines presented at the luminal surface of the endothelium may also drive diapedesis through cell--cell junctions by using similar gradients as the adhesion molecules. For instance, IL-8 and RANTES have been shown to be distributed apically on endothelial microvilli in vivo.[@R79]^,^[@R81]^,^[@R82] Recently, it has been shown that perivascular macrophages, lining pericytes that cover blood vessels, locally secrete chemokines that cause local "hotspots" for neutrophil diapedesis in vivo.[@R83]

Third, the spatial and temporal recruitment of adhesion molecules upon leukocyte binding, followed by their interactions with cytoskeletal components, induce signals in the endothelium, resulting in actin-rich structures that embrace adherent leukocyte, i.e., cup-like structures (step 4), and may provide directional guidance to leukocytes for diapedesis.[@R57]

The dynamic distribution of endothelial and leukocytic adhesion molecules with the actin cytoskeleton during TEM was first studied by Martin Sandig and co-workers.[@R84] They identified a circular structure in endothelial cell--cell contact regions that facilitates leukocyte diapedesis. Additionally, they noticed that leukocytes induced LFA-1-containing pseudopodia that penetrated in between endothelial cells. At sites of diapedesis, high levels of LFA-1 and F-actin were found, suggesting a major role for these molecules in TEM. This work was supported by work from the Luscinskas lab.[@R85] They showed that upon transmigration, LFA-1 was rapidly redistributed in a ring-like structure together with ICAM-1. The redistribution and co-clustering of ICAM-1 and LFA-1 was also demonstrated by the group of Carman.[@R9]^,^[@R86] In fact, they showed that invasive podosomes from leukocytes initiate transcellular migration, i.e., through the endothelial cell body. Sandig and co-workers furthermore showed that endothelial adherence junction proteins were locally redistributed at sites of leukocyte diapedesis, but the VE-cadherin complex, judged by VE-cadherin and α-catenin co-localization, remained intact during diapedesis.[@R84] Our previous work underscored that junctional proteins like VE-cadherin are locally dispersed upon passage of leukocytes.[@R48] Additionally, Su and co-workers demonstrated differential movement of VE-cadherin and PECAM-1 upon leukocyte passage. Whereas these authors underscored the local redistribution of VE-cadherin, they additionally showed that PECAM-1 forms a ring-like structure upon diapedesis.[@R87] These data show that, next to endothelial cell adhesion molecules, junctional proteins can be differently regulated during the final TEM step, and therefore, may be involved in the final decision when and where leukocytes cross.

Forces during TEM
-----------------

Remarkable little vascular leakage occurs when leukocytes cross the endothelium through the cell--cell junctions.[@R88]^,^[@R89] However, under certain patho-physiological conditions such as chronic inflammation, leakage is increased.[@R90] To be able to interfere with this effect, it is important to understand how junctions are restored after leukocyte passage. Recently, Martinelli and co-workers provide a mechanism by which endothelial cells maintain their barrier function during leukocyte transendothelial migration.[@R91] In response to µm-scale disruptions induced by transmigrating leukocytes, endothelial cells generate unique ventral lamellipodia that close these small gaps in the endothelium. These ventral lamellipodia were enriched in Rac1 effectors cortactin, IQGAP, and p47phox. They propose that barrier disruptions are detected as local release of isometric tension and unloading of force, which is directly coupled to ROS-dependent self-restorative membrane protrusions.[@R91]

Closing the gap after leukocyte passage is one thing, opening the junctions to allow crossing is another. Although several papers have described the importance of ICAM-1-induced phosphorylation of VE-cadherin, possibly through Src-like kinases, leading to the opening of VE-cadherin-mediated cell--cell junctions, and thereby, facilitating TEM (reviewed in refs. [@R92]--[@R95]), we focused in this section on the potential role of endothelial tension in the final step of TEM.

Hixenbaugh and colleagues showed that fMLP-stimulated neutrophils induced phosphorylation of endothelial myosin light chain (MLC) on T18/S19 that was mediated by the calcium/calmodulin-regulated enzyme MLC-kinase.[@R96] In turn, MLC-kinase facilitated the interaction of myosin with the actin cytoskeleton, leading to the actomyosin--contractile responses and increased tension in endothelial cells. They proposed that increased endothelial contraction and generation of isometric tension may function as a mechanism by which endothelial cells open their intercellular junctions, thereby facilitating leukocyte TEM ([Fig. 3](#F3){ref-type="fig"}). Adherent neutrophils measured under static conditions induce cytoskeletal rearrangements in the form of stress fibers and increase pMLC after 30 min.[@R97] Inhibition of the calcium--calmodulin-regulated enzyme MLC-kinase (by KT-5926 or ML-9) or treatment with the calmodulin antagonist Trifluoperazine reduced PMN transendothelial migration toward a leukotriene B4 chemotactic gradient, indicating that the cytoskeletal rearrangements were depending on calcium signaling. When endothelial cells were treated with calyculin, a myosin-phosphatase inhibitor, increasing MLC phosphorylation, this resulted in increased endothelial cell contraction, paracellular gap formation, and enhanced neutrophil TEM.[@R98] In addition, inhibition of the endothelial Rho/ROCK pathway, using C3 or Y-27632, significantly reduced actin polymerization, myosin II filament formation, MLC phosphorylation, and neutrophil TEM, suggesting that Rho/ROCK regulate TEM through the control of MLC activity.[@R99] However, one should take in account that these assays were all done under static conditions. Also, the initial trigger to induce MLC phosphorylation downstream from leukocyte adhesion is not known.

![**Figure 3.** Leukocyte adhesion-induced endothelial tension. Leukocyte adhesion results in the induction of actin-myosin contractility, as depicted in the figure, through the Rho-ROCK pathway or calcium signaling, resulting in MLC phosphorylation. This may finally result in the opening of cell--cell junctions, and thus, be involved in facilitating leukocyte TEM.](cam-8-67-g3){#F3}

Recently, the group of Chen showed that monocytes induced traction force onto the endothelial cells.[@R100] Interestingly, the forces were measured in the endothelial cell to which a single monocyte was adhering to. Moreover, the direction of these forces aligned centripetally to the migrating monocytes. The increased endothelial traction force was measured in the sub-cellular zone of monocytes adhesion. Thus, the above-discussed results suggest that leukocytes can directly induce signals into a single endothelial cell that in turn induce actin-mediated forces. In fact, Liu and colleagues used beads that were coated with anti-ICAM-1 and anti-VCAM-1 antibodies. Using these beads they noticed similar traction forces, indicating that these signals are indeed submitted through ICAM-1 and VCAM-1 and induced by clustering. Potentially, this process can be involved in opening endothelial cell--cell junctions, and thus, in facilitating leukocyte TEM.

Conclusion
==========

From the above-discussed data, it is clear that endothelial Rho-GTPases play an essential role in the process of transendothelial migration by remodeling the actin cytoskeleton. In particular in step 2 to 5, Rho-GTPase signaling is critical to remodel the actin cytoskeleton to induce membrane protrusions, i.e., cup-like structures and support leukocyte-induced tension force in order to open or close the cell--cell junctions or gaps through which leukocytes have crossed. Future challenges remain to investigate the spatial and temporal activation of the Rho-GTPases during the different steps of TEM, and which GEFs are locally activating these GTPases.
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